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abstract 


Four fibcr/rcsin systems were compared for resistance to damage and damage tolerance. 
One toughened ctoxv and diree toughened bismaieimidc (BMI) resins were used, all with 
IM7 carbon fiber rcinforccmcnL A suusacaJ desi^ of experiments technique was used to 
evaluate the effects of impact energy, specimen thickness and tup diameter on the damage 
area and residual compression -alter- impact (CAI) strength. Results showed that two of the 
BMI systems sustained reladvely large damage areas yet had an excellent retennon of CAl 
strength. 
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1. INTRODUCTION 


As NASA sets its sights on single stage to orbit (SSTO) reusable vehicles, the need for 
weight reduction is becoming critical. These vehicles must use advanced materials that 
possess a multitude of improved properties (lower density, higher stiffness and strength, 
resistance to damage and moisture absorption, good fatigue resistance, high temperature 
stability and resistance to miaoaaddng due to thermal cycling) compared to conventional 
aerospace materials. Aerospace vehicles are beginning to contain more polymer matrix 
composites as load bearing structures in order to lower weight. 

In order for a thermoset polymer to withstand high temperatures without a degradation of 
mechanical properties, a high cross-linking density is desired- However, a high cross- 
linking density will result in a brittle material which will not provide a damage tolerant 
matrix for the composite. Some thcrmoplasbc resins such as Polycihcrethcrkctonc (PEEK), 
polybcnrimidazolc (PBI) and polyallylphcnols can withstand higher temperatures than 
thermoset resins, and have the addinonai bonus of being inherently tough. However, 
ihcrmoplasric matrix composites, which arc difficult to handle since they have no tack or 
drape, require high temperatures and pressures to process. By blending thermoplastics into 
ihcrmosets, the resulting polymer can be engineered to have a good balance of high 
temperature resistance, damage tolerance, and processability. 

A class of polyimidcs called bismalcimidcs (BMI’s) have the processability of epoxies with 
the higher use temperatures comnx>n to polyimidcs. BMI’s arc polyimidcs that contain a 
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vinyl group as pan of the five membered inrude ring, resulting in an uncured prepreg that 
has good tack and dnpcabiliry and will process at 350°F and 80 psi (or lower) much like 
epoxies. Unlike epoxies, the BMI composite must undergo a free-standing post-cure, 
usually at a temperature of about 475°F for 8 hours. BMI resins cannot match the 
temperature capabiiincs of PMR-15, since the upper use tcmpcranirc of most BMTs is 
about 450®F under dry condiuons and 390°F under wet conditions, but this is a substanual 
incieasc (about 200°Fj over epoxies. Like all polyimidcs, BMI is inherently bntilc and must 
be modified with a “toughener” to be of any use as a matnx resin for advanced aerospace 
structures. Thus about 25 to 50% by weight thcrmoplasnc is blended with the BMI to 
improve its damage tolerance (1). Some blends have demonstrated a resistance to 
microcracking when ihcmiaily cycled from - 108°F to 350°F making them as microcrack 
resistant as cyanaic resin systems (2). Different thermoplastics in a vancry ot amounts are 
used to engineer the matrix resin to have the nxjst desirable properties for the application at 
hand. In general, BMI resins with the highest room icmpcraturc mechanical propemes 
would be the most affected by heat, losing a larger percentage of strength with increasing 
temperature than those resins" designed for hot environments which tend to have lower 
loom temperatuie mechanical properties (3). 

This paper examines the impact resistance and damage tolerance of four aerospace grade 
polymer matrix systems that have been identified as candidate materials for some of 
NASA’s Single Stage to Orbit (SSTO) programs. Oie of these systems is a toughened 
epoxy and the other three are toughened BMI resins. All of these materials contained the 
same fiber (Hercules’ IM7) so a comparison of the mamx resins could be made without the 
type of reinforcement being an addinonai vanablc. 


2. EXPERIMENTAL DESCRIPTION 


2.1. Material The four fibcr/rcsin systems used in this impact damage tolerance study 
were IM7/977-2 epoxy, IM7A^390. EM7/V398 and IM7/F655 BMI’s. 

The 977-2 epoxy produced by ICI/Fiberite is the best charactenzed and most widely used 
toughened epoxy system. The V390 and V398 BMI’s arc produced by Hiico and differ in 
their toughness and upper use temperature. The V390 resin possesses a hot/wet 
performance temperature of 47 5® F while the tougher V398 resin has a hot/wet use 
temperature of 350®F. The F655 BMI resin is produced by Hexed and has an upper use 
tempcranirc of 450®F. This resin was designed primarily to have easy processing 
characteristics and enhanced damage tolerance. 

2.L1 Specimen F reparation Panels were made of unidirectional prepreg layed up 

in a quasi -isotropic stacking sequence of [0,H-45,90,-45]ns* where n was either 1,2 or 3 
thus produdng 8, 16 or 24 ply laminates. The panels were hot-press cured according to the 
manufacturer's rccommcndanons. Specimens 17.8 cm (7 inches) long by 7.6 cm (3 inches) 
wide were cut from the cured panels and fiberglass end tabs 3.8 cm (1.5 inches) long were 
bonded to the ends of each specimen. The cured nominal ply thicknesses for the vanous 
materials were .1219 mm (.0048 in.), .1372 mm (.0054 in.), .1168 mm (.0046 in.) and 
.1168 mm (.0046 in.) for the 977-2, F655, V390 and V398 respectively. 

2.2. Testing 

2J.i. Test Matrix A design of experiments approach was used to construct a test 
matrix that would evaluate the effects of impact level, plate thickness and impacior diameter 
on the compression-aficr-impact (CAI) strength and damage area of the plates. A Box- 
Bchnken 3 level fractional factorialdesign was implemented to minimize the number of 
tests needed to gather information ubout the effects of the 3 independent variables on the 
damage zone size and CAI strength. Utilizing this method, a total of 15 tests would need to 
be run on each material type. Each independent variable (impaa level, plate thickness and 
impactor diameter) was assigned 3 values representing a low, medium and high sening. 

For the impact level, a low value was defined to be an incident kinetic energy of 4 joules 
(2.95 fi-lbs), a medium level was 8 joules (5.90 fi-lbs) and a high level was 12 joules 
(8.85 ft-lbs). The thickness of the specimen was determined by the 3 thicknesses 



fabricated, low = 8 plies, medium = 16 plies and high = 24 plies. Tups of diameter .635, 
1.27 and 1.9 cm (.25, .5 and .75 in.) were used as the low. medium and high values of 
irapactor size. The test matnx with the variables at the appropriate levels is shown in figure 
1 . 

222 Impact Testing The specimens were pneumadcaily clamped between plates 
wuh cutout holes of c.35 cm (2.5 in.) diameter thus mduang a cucuiar damped boundary’ 
condition. Each specimen was impaacd at its geometric ccmcr. A Dynamo 8200 drop 
tower was used wuh a failing mass of 2.3 kg (5.0 lbs). A catch mccnanism was employed 
to prevent muldpic saikes on the specimens. Instrumcnicd impaa data isuch as inddent 
impaa vclociry, maximum load of impaa, total dcflecnon and energy absorbed dunng 
impact, as wed as load- rime and load-deflection plots for the impact event) were gathered 
with a Dynaiup 730 data acquisition system. After each impaa, the visual damage was 
noted and recorded. 

222. NDE Evaluation After impact testing, aJl of the specimens were 
ulirasonically C-scanned to obtain a damage zone size. 

22.4. Compression Testing Residual compressive strengths of the impacted 
spedmens were obtained using a face supporting, sh ear lo ading technique explained in 
detail elsewhere (4). Basically, this fixture is a large DTRl type with faceplates damped 
lightly to most of the specimen’s gage length to prevent Euler buckling. The faceplates 
contained cutouts at their centers to allow the deiaminanons to “blister out” and grow. An 
Insiron 1100 loading frame was used at a tesnng rate of .254 mm/min. (.01 in./mm,). 

222. Short Beam Shear Testing Shon beam shear specimens were prepared 
from randomly selected, unimpacted 24 ply spedmens. The speamens were .635 cm (.25 
in.) wide tested at a span of 1.27 cm (.50 in.). Tesnng was performed at a rate of .254 
mm/min. (.01 in./min.). 

22.6. Double Cantilever Beam Testing Double canrilcvcr beam (DCB) 
specimens were prepared from IM7;977-2 carbon/epoxy and IM7A 390 (2arDon;B\tI 
material systems. Spedmens were of a [0,-i-45,90,-45l2S lay-up with a total length of 25.4 
cm. (10 in.) and width of 2.54 cm, (1 in.). A Teflon film insen was placed between the 
cemermost 90/-45 interface at a distance of approximately 5 cm. (2 in. ) from an end in 
Older to obtain a staner crack. Tesnng was p^ormed at a crosshcad rate of 50 mm/mm. 
(2inVmin.) and the value of Gic was determined by the load/dispiaccmem area method. 


3. EXPERIMENTAL RESULTS 


3.1. SDE Testing All of the impacted spedmens showed deiaminanons as indicated 
by the ultrasonic scanning results. All of the samples that were 16 or 24 plies thick showed 
circular areas of delamination. The 8 ply specimens showed dclaminanon areas that were 
longer in th&O® (outer fiber) direction. This is due to the lower bending stiffness of the 
thinner laminates producing a much higher outer fiber membrane strain which tended to 
break these fibers and split the matrix along the direction of these fibers. The C-scans, 
along with maximum impact load and residual compression strength data are presented in 
figures 2a-d. A reiadvely large damage area is seen on the V390 and V398 specimens 
compared to the F655 and 977-2 resins for almost all of the runs. TTie only exceptions are 
the specimens that were completely penetrated by the impactor. In these cases, the 
apparently “tougher” 977-2 and F655 resins would resist splitting and cracking more, 
resulting in the broken fibers “carrying” more of the resin away from the laminate resulting 
in delamination. The apparently less tough V390 and V398 resins would produce a 
“cleaner” hole when punctured since the resin would more easily crack and split, allowing 
the broken fibers to separate from the laminate with less far field matrix damage. For the 
V398 and V390 samples that did not experience perfoTation, the damage zone extended to 
the boundaries of the circular clamp. This makes a true assessment of “damage resistance” 
difficult since the damage area would have been much greater had the deiaminanons not 
stopped at the damped Iwundary. The 977-2 and F655 materials had delaminarions that 
were contained well within the clamped boundary. 



JJ. Short Beam Shear Testing A large difference in mode II inicrlaminar shear 
strength was evident between the maienais tested. The dciaminanon always initialed at one 
of the rwo ccnicrmost 90°M5® inten'aces. The results of the short beam shear tests are given 
in figure 3. The V390 and V398 resin composites had much lower interiaminar shear 
strength than the F655 or 977-2 resin composites which explains the larger ddaminauon 
areas seen in the V390 and V398 resin laminates after impact 

JJ. CAI Testing All of the specimens failed at the impact sue. The V390 and V398 
resin system laminates do not have a noriccabiy lower CM strength man the 977-2 and 
F655 resin system iairunates as would be expected from the NDE results. The drop m 
strength is not as large as would be indicated by the C- scans. The C- scans clearly show 
that the V390 and V398 resin laminates have a larger dciaminanon area than the 977-2 and 
F655 resin larrunatcs, but the V390 and V398 resm laminates do possess good damage 
tolerance since these large areas of damage do not cause a correspondingly large drop m 
compression strength. This pnenomcnon will be examined in detail iaicr. 

3,4. Double Cantilever Beam (DCB) Testing (Gic Testing) The V390 
maicTiai was found to have a Gic of approximately .92 kJ/m- (5.2 in-Ib/in-) and the 977-2 
had a Gic value of approximately 1.25 kJ/m^ (7.3 in-lbfin-). This difference is not as large 
as the difference in mode II snear strength as determined from the snon beam shear tests. 

3J. IM7I977-2 Material Tne model terms for the CAI strength and damage area 
responses arc given in figure Tnerc is a strong non-lincanty between the CAI response 
and the impact energy as well as a suong neganve linear effect. This can be seen on the 
response surface pioi of CAI strength as a funenon of impact energy and specimen 
thickness shown in figure 5. There is a sharp drop in strength as the impact energy 
increases from the lowest level, but the strength decrease begins to level off near the higncr 
end of impact energy with a siignt tncrcasc in CAI strength seen at the nighest impact 
energies. This is due to the specimen beginning to be punctured at these higher impact 
levels, resulting m more fiber damage and less matrix damage which is the controlling 
factor for residual compression strength of the laminate. There arc not any significant two- 
way interactions for the CAI response and the value of the tup semng is not significant for 
cither of the responses. The damage zone is most heavily depenaent on the linear impact 
energy coefficient which indicates that as the impact energy increases, the area of damage 
also increases. This response also shows an interaction between impact energy and 
specimen thickness. As can be seen from figure 6, at the lower end ot impact energies used 
in this study, the smallest damage areas occurred on the inicrmcdiaic thickness specimens. 
The thick specimens had more flexural rigidity and thus could not absorb as much of the 
impaa energy as bending strain energy thereby causing this energy to be dissipated by 
matrix damage. The thinnest specimens could flex quite a bit and the fibers would store 
plenty of elastic strain energy, but the deformations were large enough to cause matrix 
splitting between fibers, especially in the outer fiber direction as is evident by the C-scans 
in figure 2a. At the higher values of impact energy used in this study, the thinner the 
specimen, the more damage area resulted. This is due to the fact that the tup would 
puncture the thinner specimens rcsulang in gross fiber pullout along the outer fiber 
direction as is evident by the C-scans in figure 2a. This larger area of damage contributed to 
a loss in CAI strength on the thin samples, as seen in figure 5, since the damage was 
completely through the thickness. 

3.6, IM7IF655 Material From figure 7 which is a response plot of CAI strength 
versus impact energy and specimen thickness, it can be seen that this material has a non- 
linear dependence on the impact energy. It has a similar shape to the IM7/977-2 composite 
CAI response in that the sharp drop in "residual compression strength begins to level off at 
the higher end of Impact energies used. The model terms are given m figure 8. The Imcar 
coefficient of impact energy is the strongest term at -53 MPa while the quadratic cocnicicm 
for this independent variable is 37 MPa. The linear thickness coefficient is quite large at 45 
MPa with a quadratic coefficient of -15 MPa. This indicates that the thinner specimens had 
less strength than the thicker specimens, with this trend decreasing a small amount as the 
thickness increases fa leveling off). The tup size had a small effect on the CAI strength and 
damage area responses. A larger mp produced a larger CAI strength than the thinner tups, 
bur this was dependent on the impact energy used as is evident by the intcracnon icnn for 



both responses. In fact, the impact encrgy/iup size imcracnon icrm for the damage area 
response is greater than the linear or quadranc coefficients for the tup size on this response. 
Figure 9 shows the CAI strength response surface as a function of impact energy and rup 
size. At the high end of impaa energy, the tup size had little effect on the CAI strength 
response and showed only a slight increase in strength wuh increasing tup size. However, 
at the lower impact cncrg>' ieveis, the tup size became nx)rc important and showed a larger 
increase in strength with increasing tup size. Figure 10 shows me damage area response 
suffacc as a funenon of impaa energy and tup size. This plot indicates that at low values of 
impact energy, the smallest tup size gave the largest damage area which corresponds with 
the CAI stren^ observanons. However, at high impact energies the damage area was 
much greater for me larger oip. This larger damage area did not correspond to a drop in 
CM strength, mainly due to the results obtained on runs # 1 and #2 which had the tup size 
at the two extremes and the largest impact energy used. Run # I had a larger area of damage 
as detected by ultrasonics, but has a slightly higher CAI strength than the specimen in run 
#2, Since tup' size does have an effect on the CAl strength, this maicnai may have a 
compression failure mechanism that is not as heavily dependent on absolute 2-D matrix 
damage size as epoxies, but is aiso dependent on the amount of through-thc-ihickness 
matnx damage and/or fiber breakage since the smaller tup tended to break more fibers and 
cause more through-thc-ihickness matrix damage. 

5.7. IM7IV398 Material The model terms for this matenaJ (figure i 1) arc quite 
different from the 977-2 and F655 resin systems, most notably the strong dependence of 
damage area on specimen thickness and the rclaaveiy smaller effect of impact energy on 
CAI siren srth. Figure 12 is a surface response plot of CAI strength as a funenon of impact 
energy and specimen thickness. Tms material is surpnsingiy msensinve to impact encrg\', 
especially on the thicxcr specimens. On the thinner specimens a decrease in CAI strength is 
seen wuh an increase m impact energy. However, note diat the quadratic impaa energy 
coeffiaem is neganve which implies that a sharp drop in CAI strength is seen only at larger 
impaa energies as the impact energy increases. This is the opposite trend from the 977-2 
and F655 resin systems wncrc as the impaa energy increased at larger values of impact 
energy, a punenue type of damage was formed and the drop in compressive strength began 
to level off. The trend in the V398 material suggests that the CAI strength may be more 
dependent on through-thc-thickncss damage and/or fiber breakage than absolute 2-D matrix 
damage size (a charactcnsnc that was noticed to a small extent in the F655 material). The 
effects of specimen thickness on the CAI strength is very non-linear with the strength 
showing a rapid decrease as the specimen gets thinner which again suggests that ihrough- 
ihc- thickness damage and/or fiber breakage (which was more pronounced on the thinner 
specimens) has a strong influence on the CAI strength of the specimens. 

The tup size aiso had an effect on the CAI strength of the sp^mens as is evident by the 
plot in figure 13 which shows CAI stren^ as a function of impact energy and tup size. At 
the low levels of impact energy, the tup size had little cffca on the residui compressive 
strength but at the higher impact energies, a smaller tup would be more detrimental to the 
residual compression strength (a strong interaction coefficient shows this). Since the 
smaller tups tended to cause a punemre at the higher impaa energies than the larger tups, 
this aeain suegests that the CAI strength of this material is dependent upon the amount of 
through- the- thickness damage and/or fiber breakage and not on the absolute 2-D size of 
matrix damage as detected by C-scans. 

The damage area caused by the impact was most influenced by the thickness of the 
specimen and linie else os is evident from the coefficients in figure 1 1. The tup size had no 
effca on the damage area and the impact energy had a small effect but this response is 
clcariy dominated by the specimen thickness which can be graphically seen in figure 14. 

The damage area is lincariy dependent on the specimen thickness with the thicker 
specimens" showing much more damage area than the thinner specimens, regardless of 
> impact energy (no intcracnon between these variables). As can be seen in the C-scans in 

figure 2c, the thin speamens had a more elongated damage area indicaring matrix splitting 
which is a rhrough-thc-ihickness rype of damage. The damage area varies non-li nearly wuh 
impaa energy with the lower impaa energies giving less damage area This trend leveled off 
around the medium values of impaa energy after which the impaa energy had Utile effea 
on the mca-sured damage area, since as mentioned earlier, the damage zone did not spread 
beyond the cucuiar clamped boundaries of the plate. 



3.8. IM7IV390 Material The CAI strength of this maicnal vanes linearly with 
specimen thickness, the thicker speemnens having a higher CAi strength. This dependence 
is quiic significant as is evidenced by the linear thickness coefficicm seen in figure 15 and 
the piot of CAI strength versus impact energy and specimen thickness shown in figure 16. 
The impact energy has a non-linear cffca on the C.\i strength with the same trend seen as 
for the V 39 8 matenai, and has a more pronounced cffca on the residual compression 
strength at the higher impact energies. The “leveling off' of strength decrease is not at the 
higher end of impact energies as it is for naost epoxies and the F655 BMI tested in this 
study. Another unique feature of this material is the effect of the tup size on the CAI 
strength of this maicriai. The tup alone has no effects on the CM strength as can be seen by 
the zero coefficients for linear and quadratic tup terms in figure 15. However, there arc 
strong tup mtcracnon terms with the other two variables. The interaction between tup size 
and impaa energy can be seen in figure 17 which is a plot of CAI strength as a function of 
impaa energy and mp size. At die small tup size, the impact energy shows a non-linear 
drop in compression strength as the impact energy increases. When the tup is at the larger 
sizes, the CAI saength actually increases (albeit a very small amount) with increasing 
impact energy before a drop in strength is seen at the medium levels of impacL At the low 
levels of impact, increasing the rup size tended to decrease the CAI strength, a trend not 
seen in any of the other materials, but at the high impact levels, the larger tup showed little 
degradation of the CM strength, especially when compared to the smaller mp sizes. 

The tup size also had a strong imcracnon with the specimen thickness on the CM response 
of the matenai as can oe seen in figure 18. At small tup sizes the CAI strength did not 
depend heavily on me specimen thickness but at large tup sizes the CAI strength was much 
greater for thicker socamens. This once again indicated that specimens that have sustained 
fiber damage (those’ that have been punctured) such as thin specimens hit with a large tup or 
thicker specimens hit with a small mp, have a larger decrease in residual compression 
strength than those specimens that have sustained an impaa where a heavy matrix damage 
area (not volume) has occurred, but little or no fiber breakage has occurred. The thin 
specimens saw a decrease in CAI strength as the mp was made larger but the thicker 
speamens saw a decrease in CAI strength as the mp size became smaller. This can be 
explained by the thinner specimens sustaining a puncture type of damage regardless of mp 
size, thus a larger tup will produce a bigger hole resuldng in more damage. For the thicker 
specimens only the small mp could punaurc the specimens and cause the fiber damage that 
seems to be associated with the decrease in the residual compressive scrength. 

The tup size had no effect on the damage size that was created due to the impaa event 
except for a very small interaction witlT impact energy. The damage area was strongly 
dependent on the specimen thickness in a non-linear manner as is shown in figure 22 which 
is a plot of the response surface of damage size as a function of impact energy and 
specimen thickness. A sharp drop in damage area is seen as the specimen becomes thinner. 
This is due to a hole being punctured in the specimen and the damage being more localized 
in the form of fiber breakage and matrix splitting. For this reason the impact energy did not 
have as big an cffca on damage size for the thin specimens as it did for the thicker 
specimens. - - 

3.9. CAI Strength Vs Damage Area Figures 20.21 and 22 show plots of CAI 
strength vs. dciaminadon area for the 8. 16 and 24 ply specimens. For the 8 ply specimens, 
there is little correlahon between damage area and CAi strength. For the 16 and 24 ply 
specimens, the 977-2 and F655 systems show a much lower CAI strength as the damage 
area increases, for the V390 and V398 resins however, the CAI strength is reladvely 
independent of damage size. 


4. CONCLUSIONS 


4.1. Summary of Experimental Results From the experimental data, the 
following can be concluded: 

• The V398 and V390 laminates behave similarly and the F655 and 977-2 laminates behave 
similarly in both CAI and damage area developed. The two sets behave quite differently. 



• The V398 and V390 resin systems nave a much lower moac H deiammanon resistance 
and thus produce larger carnage zones as detected by ultrasonic scanning. This docs not 
apply to the S piy socamens since mey cxpcncncc a puncnirc rype of carnage ' fiber 
breakage and/or longitudinal matrix spiimngj. 

• The V398 and V390 matenais do not nave as large or a drop in compression -alter- impact 
strength as the 977-2 and F655 matcnais. 

• The 977-2 and F655 laminates have '‘classical" CM vs. Impact Level plots (i.e. the 
strength drops off snaroiv at me eany stages of damage ana then icvcis^ff 'viih increasing 
impact energy). Tne V398 and V390 laminates show no sharp crop in CAI strength unai 
hi^ levels of impact arc reached. 

• The V398 (and to a lesser extent me V390) 16 and 24 piy laminates snow vcr.' littic 
change in CAI strengm regardless of aamage size. 
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Figure 1. Run Summary for impact tests. 



































IM7/V398 * 1 
: 16 plies 
12 Joules 
.75 inch tup 
] 1328 Ib max 
^ 5.6 sq. in. 

Small Spill 
551,877 PSI 


^^^CTiM 7/V398»4 
I 16 plies 
1 4 Joules 
.25 inch tup 
1593 lb max 
1 1.8 sq. in. 

I Small Split 
153.873 PSI 




IM7/V398 #2 
16 plies 
12 Joules 
.25 inch tup 
1667 lb 
6.0 sq. in. 
Punemre 
42.845 PSI 


JIM7/V398 #5 
^24 plies 
12 Joules 
^.5 inch tup 
1 2 1 5 lb max 
j^6.2 sq. in. 
%Fecl Split 
50.608 PSI 



IM7/V398 #3 
E 16 plies 
~4 Joules 
1.75 inch tup 
^512 lb max 
*^3.5 sq. in. 
^No Visible 
^50,608 PSI 


I ■ 

>’^^IM7/V398 #6 


--Spiles 
' 12 Joules 




v.,5 inch tup 
^649 lb max 


• V‘ b 

dL Ui^’33,273 PSI 


t 



1M7/V'398 47 
24 plies 
4 Joules 
J inch tup 
676 Ib max 
’'ji6.9 sq. in. 

Small Slit 
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Figure 2c. C* Scans and associated maximum load of impact, damage area, visual damage 
and residual strength data (rM7/V398). 
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Figure 3. Short beam shear results. 
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Figure 4. Moacl terms tor IM7/977-2 matenai. 



Figure 5. Comprcssion-aftcr-impact Figure 6. Damage area versus specimen ^ 

strength versus specimen thickness and thickness and impact energy for IM7/977*2. 
impaa energy for 1M7/977-2. 



Ficurc 7. Compression-afier-impact strength versus specimen thickness and impact energy 
forIM7/F655. 
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Figure 1 1. Model terms tor IM7/V398 matenai. 






















Figure 14. Damage area versus specimen Thickness and impact energy for IM7/V398. 
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Figure iSTMocicl icnTis for iM7A^390 maicnai. 



Rgure 16. Compression-aficr-impaCT 
Strength versus specimen thickness and 
impaa energy for IM7A^390. 



Figure 17. Compression -after- impact 
strength versus tup size and impact energy 
for IM7A'390. 














